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Abstract

The past few years have seen enormous advances in genotyping tech-
nology, including chips that accommodate in excess of 1 million SNP
assays. In addition, the cost per genotype has been driven down to lev-
els unimagined only a few years ago. These developments have resulted
in an explosion of positive whole-genome association studies and the
identification of many new genes for common diseases. Here I review
high-throughput genotyping platforms as well as other approaches for
lower numbers of assays but high sample throughput, which play an im-
portant role in genotype validation and study replication. Further, the
utility of SNP arrays for detecting structural variation through the de-
velopment of genotyping algorithms is reviewed and methods for long-
range haplotyping are presented. It is anticipated that in the future,
sample throughput and cost savings will be increased further through
the combination of automation, microfluidics, and nanotechnologies.
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Haplotype Map
(HapMap): the
depiction of over

3.1 million SNP
locations on the
genome, compiled
using 269 samples
from four human
populations (27). This
is an international
project involving a
consortium of nine
research groups from
five countries

Single-nucleotide
polymorphisms
(SNP): these
represent common
(defined as >1%)
variation between
individuals in a
population

Whole-genome
association or
genome-wide
association (WGA or
GWA): when a large
number of markers
(typically 100,000 or
more in human) are
analyzed for
association with a
disease or trait

Copy number
variants (CNVs):
segments of DNA with
a different number of
copies when compared
to the reference
genome, typically
deletions or
duplications
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INTRODUCTION

The sequencing of the human genome in 2001
(51) enabled positional cloning of genes for
monogenic diseases to be carried out efficiently
and with high degree of success. Over 1500
genes were identified, but success was mainly
limited to rare diseases caused by genetic mu-
tations. Common, complex diseases required
in most cases a whole-genome association ap-
proach using very high numbers (over 100,000)
of genetic markers and thousands of samples.
As these markers had to be identified and val-
idated first, the HapMap project was launched
with the aim of capturing genetic variation (77)
in the form of single-nucleotide polymorphisms
(SNPs) and providing haplotype information
for a representative sample derived from Euro-
pean, African, and Asian populations. The sec-
ond phase of this project, now complete, has
produced over 3.1 million validated SNPs (2),
although the actual number is thought to be in
the region of 10 million.

The HapMap (http://www.hapmap.org/)
and SNP databases (d{bSNP; provided valuable
information for association study design and
data interpretation, as well as information for
SNP assay designs. In combination with tech-
nological developments the genomic variation
information in databases was used by compa-
nies to generate cost-efficient, high-throughput
genotyping products, suitable for linkage and
whole-genome association (WGA) studies. The
enabling technologies were combined with
well-designed studies aiming to meet strict
criteria for establishing an initial association
report and a positive replication set in (12).
Points relevant for the technological develop-
ments were that (#) assay call rates, error rates
(estimated using internal or external dupli-
cates), concordance with published data (for
example using HapMap samples), Mendelian
consistency and deviations from the Hardy-
Weinberg equilibrium should be reported; (9) a
subset of notable SNPs should be evaluated us-
ing a different genotyping platform and (c) pos-
itive findings should be validated in indepen-
dent, adequately powered replication studies.
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Within a few years from conception, WGA
studies have proved successful in identifying
genes involved in many common diseases. Up
to November 2008 at least 209 reports (http://
www.genome.gov/gwastudies/) of successful
WGA studies had been published, including
those to identify genes for such common dis-
eases as asthma (63) and diabetes (81, 85, 103).
The WTCC Consortium, which presented the
largest study of seven common diseases (1),
identified susceptibility genes for bipolar dis-
order, coronary heart disease, Crohn’s disease,
type one and type two diabetes and rheumatoid
arthritis.

In the meantime, structural variation has
emerged as a significant contributor to human
genetic variation in addition to sequence vari-
ants (76). Copy number variants (CN'Vs) are de-
fined as fragments of the genome that are larger
than 1 kb and vary in copy number between in-
dividuals (25). CNVs are now investigated for
their contribution to common diseases such as
autism (57, 83; reviewed in 23), prompting a
new race to incorporate assays for CNVs within
the SNP genotyping chips and new analysis al-
gorithms to infer CNVs from SNP genotyping
data. A further challenge has been to cover the
regions of the genome deemed “unSNPable”
owing to recombination hotspots and CNVs
(28).

In parallel are endeavors to sequence the
genome of model organisms and identify SNPs
to enable as equally efficient genetic studies as
in humans; analyses of 44 different genomes are
currently under way, summarized in db SNP
build 129 (April 2008) at NCBL

The emergence of reliable and ultra-high-
throughput genotyping platforms, able to as-
say for 1 million SNPs or more, has played a
decisive role in the success of WGA studies.
These platforms were supplemented by tech-
nologies that allowed rapid and cost-efficient
genotyping of smaller marker sets (10-20,000)
in replication cohorts often larger than the ones
used for the original study. For example, Todd
et al. (94) followed up the 2000 cases and 3000
controls WT'CCC type 1 diabetes study with a
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replication involving 5,000 controls, 4,000
cases and 2,997 trios using 11 SNPs. At the
same time, robust assays have also been devel-
oped to enable the cost-efficient application of
SNP genotyping in clinical environments.

In this review, technologies significant in ge-
netic research are presented, and their relative
strengths and weaknesses are discussed. These
technologies can be divided into systems used
for WGA studies (i.e., 100,000-1 mi SNP as-
says: Affymetrix GeneChip; Illumina Infinium
Beadchips, Perlegen, and Invader); and systems
for replication and validation of findings,
linkage analysis, or candidate gene approaches
(1-100,000 SNP assays; Affymetrix GeneChip
and MIP, Illumina Goldengate, and Infinium
assays, Invader, Sequenom MassARRAY;
SNPlex, SNP stream, Tagman, and Centaurus
assays).

TECHNOLOGIES SUITABLE FOR
WHOLE-GENOME ASSOCIATION
STUDIES

For human genome-wide association studies
(GWAS), assays for at least 100,000 SNPs
are needed in the initial stage. To date, four
such technologies have been used: Invader
assays, The Perlegen Genotyping Platform,
Affymetrix GeneChips, and Illumina’s Infinium
Beadchips. The Affymetrix and Illumina chips
offer the highest marker densities with 1.8 and
1.2 Mi assays, respectively, but in general, al-
though all aim to cover common variation, the
SNP assays are selected and fixed based on cri-
teria set by the individual companies. As a re-
sult, the high-density SNPs offer limited op-
portunities for individual customers to dictate
the content.

Ilumina’s Infinium Beadchips

The Infinium assays started in the form of In-
fintum I, designed for 10,000-100,000 mul-
tiplexed assays, whereas the later introduced
Infinium II can be used for up to 1 million as-
says. Both assays include first a whole-genome
amplification step, followed by hybridization

to bead arrays of 50-bp-long capture probes.
In the Infinium I assay (30), the locus-specific
sequences include an allele-specific 3’ termi-
nal base. An allele-specific primer extension
reaction is used to incorporate biotin-labeled
nucleotides for positive detection. In the In-
finium II assay (87), the beads contain locus-
specific probes, and allelic discrimination oc-
curs through single-base primer extension re-
actions using (Figure 1). The two-color system
in Infinium IT restricts somewhat the classes of
SNPs that can be genotyped by not including
A/T and C/G SNPs. High pass rates and ac-
curacy (>99.9) are performance characteristics
for the Infinium assays.

At present, Illumina offers Beadchips with
300 k (cytoSNP-12), 370 k, 510 k, 660 k,
and 1 mi assays. Illumina has chosen to base
the SNP selection strategy primarily on the
HapMap project results and to supplement with
genic and nonsynonymous SNPs plus assays for
CNVs and unSNPable regions (28). The SNPs
are therefore selected to tag haplotypes, and in
the case of the 1 mi chip, for all human popu-
lations analyzed by the HapMap project. The
genome coverage at r’ = 0.8 (r? signifies the
pairwise correlation between a SNP used and
a potentially captured SNP (4)) is projected to

: Monozygote

Heterozygote

Figure 1

Section derived from an Illumina 610S Quad
Beadchip under standard scanning conditions. The
beads are 2 pm in diameter and carry the single
locus-specific probe. After a SBE reaction the beads
are labeled either green or red for the monozygote
state or yellow for the heterozygote.
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range from 0.76 for the Yoruban population to
0.95 for Europeans. In total, the chip contains
1,199,187 assays, including 21,877 nonsynony-
mous SNPs, 340,585 assays targeting CNVs,
and 38,619 assays for the unSNPable genome.

The DNA requirements are low, ranging
from 200 ng for the 300 k-660 k chip to
400 ng for the 1 mi chip.

An advantage of the Beadchips is that up to
60,800 custom assays can be added to supple-
ment the standard assays. Custom assay con-
version rates were predicted to reach a possible
89.9% (87). (Details on this are discussed in the
next section.)

The system consists of a high-resolution
scanner (Beadstation), thermoblocks, and a hy-
bridization oven. Liquid handling is not neces-
sary butis required for high-sample throughput
and is an option (provided by Illumina) for set-
ting up chip hybridization and washes.

One important issue is the development of
a genotyping algorithm for the Infinium assays.
Illumina offers the GeneCall algorithm, which
is based on prior training datasets. Two fur-
ther algorithms have been developed: Illuminus
(92), a model-based approach that pools infor-
mation across individual sample data to achieve
improved call rates compared to GeneCall, and
GenoSNP (29), which uses within-sample in-
formation and is thus suitable for achieving high
call rates even when the number of project sam-
ples is very small or when the samples are de-
rived from a population that is not well char-
acterized. Illuminus has been tested and found
to perform well when whole-genome amplified
DNA is used (91).

Affymetrix GeneChip Human
Mapping arrays

The GeneChip assays are based on allelic dis-
crimination by direct hybridization of genomic
DNA to arrays containing locus- and allele-
specific oligonucleotides (25 mers). These
oligonucleotides represent either perfect match
(PM) or mismatch (MM) probes to each SNP.
Initially, 12 PM and MM probes were used
for each SNP assay. The MM probes are
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required to measure background, but recently
Affymetrix has applied only 2 PM probes per
SNP in quadruplicates in the version 5.0 arrays
or higher, thus achieving a very high assay
number per chip. The procedure allows the
detection of 10,000-2,000,000 SNPs. For the
GeneChip assays to work efficiently, the com-
plexity of the genomic DNA must be reduced
through digestion with restriction endonucle-
ases and fractionation (42). Genomic DNA is
digested with restriction enzymes appropriate
for the number of SNPs to be interrogated
(i.e., Xba I for the 10 K array, Xba I and
Hind III for the 100 K assays, Sty I and Nsp
I for the 500 K or higher assay) and the 400—
800-bp range is used to ligate adaptors. Fol-
lowing a PCR amplification step, the prod-
ucts are end-labeled and hybridized (Figure 2).
The highest density arrays at present are the
5.0 and 6.0 versions containing very small 5 pm
features, taking advantage of development in
scanner technology. The 6.0 chip contains over
1.8 million markers consisting of 906,600 poly-
morphic and 946,000 nonpolymorphic mark-
ers, the latter targeting mainly CNV regions.
The 6.0 array reaches a median value of
680 bp for intermarker distance. Data for the
GeneChip SNP arrays indicate pass rates of
>95% and accuracy of >99% (58). A dynamic

Figure 2

Scanning image of an Affymetrix 250 k GeneChip,
Nsp I digest assays. The GeneChip features are

5 um and the assay is single color. The array carries
perfect match probes for each allele at a locus and
mismatch probes for determining background.
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model-based algorithm (DM) was introduced
by Affymetrix (20) that is able to accurately call
over 100,000 genotypes. Recently, several al-
gorithms have been developed by Affymetrix
(BRLMM in 2006 and Birdseed in 2007), while
the Wellcome Trust Case Control Consortium
(WTCCC) developed the software CHIAMO
(1) based on data derived from large sample col-
lections, and all leading to high call rates >99%.
Apart from GWA studies, the GeneChip geno-
typing system is suitable for detecting copy
number changes (100) and loss of heterozygos-
ity, and therefore suitable for clinical applica-
tions, for example, in tumor classification (55).

The equipment required for the Affymetrix
GeneChipis based on the GeneChip 3000 scan-
ner, workstation, fluidics station, and hybridiza-
tion oven. Several fluidics stations are required;
a LIMS system is also available. The complete
system, although expensive, can be used for a
number of expression profiling or resequenc-
ing applications (73).

Perlegen’s Genotyping Method

Perlegen has developed genotyping assays
based on their own designs and chips made
by Affymetrix. Perlegen uses not only PM and
MM probes similar to Affymetrix, but tiles the
probes across the SNP position in both forward
and reverse strand orientations. The position
interrogating the SNP also moves within the
25-bp probe by 4 bp between positions 11 and
15 (36). The target DNA is prepared through a
series of long-range PCR reactions that amplify
the loci containing the SNPs from each indi-
vidual sample. The PCR products are labeled
post PCR by using biotin-ddUTP/dUTP and
terminal deoxynucleodityl transferase. A high-
resolution confocal scanner is used to detect hy-
bridization (68). The number of SNPs interro-
gated can be similar to Affymetrix GeneChip
theoretically, but due to the PCR-based target
preparation approach, Perlegen has screened
up to 220 k SNPs (45). Pass rates were in the
region of 90%.

Invader

Invader is the fourth technology used for
WGASs (78) it is provided by Third Wave Tech-
nologies, and has been reviewed previously (48).
In brief, the original method uses two oligonu-
cleotides that can anneal to single strands of
gDNA. One is the Invader oligonucleotide,
which is complimentary to the sequence 3" of
the target SNP and ends with a nonmatching
base overlapping the base at the SNP. The part-
ner oligonucleotide is allele specific and extends
toward the sequence 5" of the SNP and con-
tains additional nonoverlapping nucleotides at
the 5" prime. Annealing of the two oligonu-
cleotides to the target DNA site leads to the
formation of a three-dimensional structure that
is recognized by the thermostable flap endonu-
clease (FEN), which cleaves the allele-specific
oligonucleotide at the position of the SNP if the
base at this position is complementary to the
base of the gDNA. The allele-specific oligonu-
cleotide contains a fluorescent label atits 5" end
that is thus released and able to generate flu-
orescence detected using a plate reader. The
assay has been improved in the form of the se-
rial invasive signal amplification reaction, which
eliminates the need for target amplification by
PCR and labeled allele-specific probes by utiliz-
ing a FRET cassette oligonucleotide (31). In-
vader combined with multiplexed PCR and a
384 well microfluidic card system to perform
the reactions (InPlex) allowed this process to
perform 100-200,000 assays (66).

CUSTOM ASSAY TECHNOLOGIES

Custom-designed SNP assays are utilized for
replication and validation studies. These assays
have to fulfill atleast most of the following crite-
ria: Allow rapid analysis of very high numbers
of samples, have a high design to assay con-
version rate for custom SNPs, and be robust
and very cost-effective. Diverse and sophis-
ticated molecular biological approaches have
been incorporated into these technologies to
fulfill these requirements.

www.annualreviews.org o Genotyping Technologies for Genetic Research
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Matrix-assisted laser
desorption/
ionization time of
flight mass
spectrometry
(MALDI-TOF mass
spectrometry): a tool
for determining
molecule mass,
suitable for either
protein or DNA and
RNA analysis.
Typically, single-
stranded nucleic acid
molecules at a range of
3-29 base pairs are
resolved
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Molecular Inversion Probes (MIP),
(Affymetrix)

This method is based on padlock probes (33).
These are 110-120-bp long probes, consisting
of a middle part with sequences for PCR am-
plification and a 20-bp probe-specific tag, while
the flanks contain locus- and SNP-specific se-
quences. The probes anneal immediately 5" and
3’ of the SNP in question and become circular
as a result of a gap fill step, using each of the
four possible nucleotides in four separate reac-
tions, followed by a ligation reaction. Probes
that are not circularized are digested away by
a combination of Exonuclease I and III, while
the fully circularized probes are linearized and
released from genomic DNA using Uracil-N-
glycosilase. This means that in each of the four
individual reactions, only probes containing a
nucleotide complementary to one of the alleles
in genomic DNA are left. The released probes
are amplified by PCR, captured using a tag ar-
ray, and labeled by hybridization with FAM-
labeled Tagman probes complementary to se-
quences used for the PCR amplification step.
Assays that utilize four colors, require just one
tag array, and have increasing cost efficiency.
Between 3,000-20,000 SNP assays can be per-
formed in parallel. The four-color assay conver-
sion rates are reported to be >80%, with pass
rates of >98% and accuracy >99% (34).

The hardware required for MIP assays is
similar to that used for Affymetrix Gene chips,
apart from the requirement for a four-color
scanner. The genotypes can be called automat-
ically by a bespoke software that uses an expec-
tation maximization (EM) algorithm (64).

iPlex Assays on the MassARRAY
Platform (Sequenom)

These assays are based on matrix-assisted laser
desorption/ionization time of flight (MALDI-
TOF) mass spectrometry. iPlex is a single
well reaction, in 384 well format, consisting
of an initial multiplexed PCR step followed
by a single-base primer extension reaction
interrogating the SNP. Desalting occurs by the
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addition of anion exchange resin, and finally
the reactions are arrayed onto chips containing
384 matrix spots. The chips are inserted into a
MALDI-TOF instrument for analysis. Geno-
type calls are produced by determining the
mass of the primer extension products which
are designed to differ significantly and occupy
distinct positions in the spectrum (39, 88). The
iPlex assays can be multiplexed up to 40 plex
and are very cost-effective at 12-40 multi-
plexing level. Key contributors to achieving
consistently high levels of custom genotyping
assays were the development of improved
algorithms for PCR assay design combined
with the single-base extension using acyclic
bases and a proprietary polymerase. Pass rates
of 95% or higher are possible, while accuracy
is at >99%. Assay conversion rate is at a useful
>80%. The MassARRAY system consists of
a spotting instrument and a MALDI-TOF
mass spectrometer, while typically one or more
liquid handling robots and PCR blocks are
required for high throughput (depending on
MALDI-TOF instrument this can be 10 x
384 well reactions analyzed overnight). The
main advantages of the system is that the assay
requires unmodified oligonucleotide primers,
which are easy to obtain at a low cost. Assay de-
sign software is provided in-house, allowing for
high degrees of flexibility and customization;
predesigned and validated assays are available
at http://www.realsnp.com/default.asp. The
system is also useful for a number of genomic
applications such as methylation analysis or
resequencing (74).

The Centaurus Assay (Nanogen)

The Centaurus genotyping method is based on
the recently introduced endonuclease IV post-
PCR genotyping system (47). First a standard
PCR reaction is used to produce an amplicon
containing the SNP of interest. An aliquot of
the PCR reaction is used for the endonuclease
reaction, which is an isothermal reaction at
50°-60°C that ideally takes place in a real-time
PCR system. The SNP assay depends on the
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combination of two allele-specific probes dis-
playing a fluorescent dye at the 3’ end, a
quencher at the 5" end, and a short enhancer
oligonucleotide (8-15 residues in length). The
enhancer oligonucleotide hybridizes to the am-
plicon at 1-bp distance to the SNP site and 3’
relative to the allele-specific probes. The allele-
specific probes distinguish between the two al-
leles at their 3’ end base, which carries the dye
through a phosphodiester bond, mimicking an
abasic site. This arrangement of the two probes
on the target sequence is recognized by the en-
donuclease IV enzyme, which cleaves the dye
only on the fully complementary probe, thus
producing a fluorescent signal. The method has
the advantage of using a short probe combi-
nation resulting in high-specificity and design
flexibility.

SNPlex (Applied Biosystems)

The SNPlex assay is based on an oligonu-
cleotide ligation/PCR assay (OLA/PCR) using
allele-specific ZipCode™ probes and adaptors
followed by hybridization of fluorescently la-
beled ZipChute™ probes, complementary to
the ZipCode™ sequences. Up to 48 assays can
be multiplexed. Detection of the genotypes is
achieved by eluting the hybridized ZipChute™
probes and separating them by capillary elec-
trophoresis (17, 93). Call rates are in the re-
gion of 97.5% and the accuracy above 99%,
whereas the custom assay conversion rate is es-
timated to be lower than TagMan (17). SNPlex
is a multistep (eight steps) procedure designed
for laboratories that use full automation, ideally
in the form of two liquid handling robots and a
plate wash station. One or more ABI 3730 capil-
lary electrophoresis instruments provide high-
sample throughput.

Goldengate and Infinium
Assays (Illumina)

Infinium assays are also available as custom-
designed products, called iSelect. iSelect assays
are available for 6000-60,800 custom SNPs in

a multisample (13) format. A minimum of 1152
samples is expected for a custom project. For
a smaller number of SNPs, the Goldengate as-
say covers a spectrum of 96-1536 SNP assays,
combining oligonucleotide ligation (OLA) and
allele-specific extension reactions. The assay is
a homogeneous reaction including biotinyla-
tion of the DNA and immobilization on avidin-
coated particles, followed by annealing of three
primers per SNP: one locus-specific and two
allele-specific primers. This is followed by an
extension reaction at the allele-specific oligonu-
cleotide toward the locus-specific primer situ-
ated a few bases farther from the 3’ of it. A liga-
tion reaction ligates the successfully extended
allele-specific product to the locus-specific
probe, a reaction that gives very high specificity
to the assay. The probes have sequences allow-
ing a PCR step with generic primers as well
as sequences complementary to tags present in
beads (67). The successfully extended and lig-
ated products are amplified by PCR with flu-
orescently labeled primers. The PCR products
are then denatured and hybridized to an array of
beads (Sentrix Array) carrying sequences com-
plementary to the locus-specific tags.

The system consists of a high-resolution
scanner and computer workstation to detect flu-
orescent beads and decode the information used
to generate the genotype calls. A fully auto-
mated Beadlab system is also available, albeit
at a high cost. The assay conversion rate is in
the region of 80%, while pass rates and accuracy
are very high at >99% (84).

The TagMan Assay and the
OpenArray System
(Applied Biosystems)

The Tagman assay is based on a 5’ nuclease assay
(56), takes place in a single tube/well, and nor-
mally requires a real-time PCR machine such
as the 7900 HT, by Applied Biosystems, to de-
tect fluorescence. The method has two advan-
tages: It requires just one simple reaction to
be set up, while an ever-increasing number of
prevalidated assays (currently at an impressive
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Oligonucleotide
ligation followed by
PCR assay
(OLA/PCR): ligation
is a highly specific
reaction, whereby only
two DNA molecules
perfectly annealed to
the same template and
with adjacent 5" and 3’
ends are covalently
linked. A PCR
reaction is used to
amplify the entire
ligated DNA molecule
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Single base extension
assay (SBE): used to
extend an
oligonucleotide primer
at the 3’ end by one
base pair
complementary to a
template to which the
primer is annealed.
Very high specificity is
achieved using
thermostable enzymes
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4.5 million for human and mouse) is available
off the shelf by ABI. A web interface enables
users to perform their own SNP assay designs
and order.

An exciting development of this technol-
ogy is the newly introduced OpenArray sys-
tem, which uses plates that can accommodate
3072 individual reactions at the volume of 33 nl
each in microscopic holes coated with a hy-
drophilic material. The plate is coated with a
hydrophobic material and has the dimensions
of a conventional microarray/microscope slide
and contains 48 subarrays of 64 holes each. The
system consists of a reagent dispenser that fills
the holes with Taqman assay reagents and pre-
pares the plates, PCR machines suitable for
taking conventional microarray slides, and a
scanner. Between 64 and 256 individual custom
assays can be run per plate, at a rate of 48-12
samples, while 32 and 16 assays for up to 144
samples are in development. A major advantage
of the system is that it can be completed within
8 h and is based on the reliable Tagman assays
with a projected overall call rate of 99%. Up to
98,304 genotypes can be produced per day by a
single system.

SNPstream (Beckman Coulter)

SNPstream combines a single base extension
assay (SBE) and tag array technology. The first
step is a multiplexed PCR reaction (up to 12
SNP-specific PCR assays) followed by a clean-
up step and a primer extension reaction us-
ing tagged primers and labeled ddN'TPs as ter-
minators (Biodipy-Fluorescein and TAMRA).
The products of the primer extension reac-
tion are captured on a tag array, which is
then scanned to detect the hybridized extension
primers and produce calls (6). The multiplexed
reactions are organized into six extension types,
because only two types of fluorescently labeled
terminators can be used in each multiplex (i.e.,
G/A, T/C, C/AT/A, T/G, and C/G). There-
fore, higher efficiencies are expected when a
high number of SNP assays is required and al-
lowed to be pooled in compatible groups. The
assay conversion rate is claimed to be as high

Ragoussis

at 87.8%, pass rates at 98%, and accuracy at
>99%. The assay requires, apart from ther-
mal cyclers, a robotic plate handling system and
a CCD scanner and has been used in clinical
settings (18).

Other Technologies

Other methods are also available for SNP
genotyping and have been well reviewed (for
example, see 9, 48, 85). The most com-
monly applied methods are APEX (70), Dy-
namic Allele Specific Hybridization (DASH)
(70), Molecular Beacons (60, 90), Primer Ex-
tension followed by MALDI-TOF (alterna-
tive to Sequenom’s assays) (80), Pyrosequenc-
ing (24), and KASPar, a method based on
competitive allele-specific PCR using FRET
quencher cassette oligos, used by K-Biosciences
(http://www.kbioscience.co.uk/index.html).

Methods for the Experimental
Identification of Haplotypes

Haplotypes are combinations of alleles of ge-
netic markers on a single chromosome. Hap-
lotypes are important to understand functional
effects of SNPs in cis and meiotic recombina-
tion events. Originally, it was possible to deter-
mine haplotypes over large genomic segments
by genotyping either somatic cell hybrids (22)
or sperm (38, 40, 99, 102). Experimental meth-
ods applicable to any genotype of DNA had
been developed involving allele-specific PCR
(61), MALDI-TOF genotyping on DNA di-
lutions (21), atomic force microscopy (101),
and polony (clusters of molecules formed by
PCR on a solid phase) PCR (62) but these
had a limited range, usually less than 100 kb.
Recently, the polony PCR approach has been
modified and applied on arrays of stretched
chromosome molecules, yielding impressive re-
sults over megabasepair-long regions and be-
tween chromosome arms (104). This method of
haplotyping is more accurate than statistically
inferred haplotypes. The method was also ap-
plied to detect chromosomal inversion events;
another source of genomic variation (95).
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Another intriguing approach to genotype hap-
lotypes directly involves the capture by strep-
tavidine magnetic beads of haploid chromoso-
mal segments using biotinylated allele-specific
probe hybridization (15). Further development
of these methods and their application at high
throughput will greatly support and validate the
existing statistical approaches in the HapMap
project as well as whole-genome sequencing.
However, scaling up the polony haplotyping or
the capturing method at a whole-genome level
remains a challenge.

WHICH PLATFORM IS THE
MOST POPULAR IN GWAs?

In evaluating 209 genome-wide association
studies published until November 2008, one
finds 103 studies using Affymetrix GeneChips,
83 using Infinium assays, 13 studies where data
from both platforms have been generated either
by direct runs (9) or by imputation (4), 8 studies
by Perlegen, and two where Invader assays were
used. More studies were based on Affymetrix
GeneChips because the platform was already
widely distributed in microarray facilities, and
by the end of 2005, when a large number of
studies such as the first Wellcome Trust Case
Control were initiated, Affymetrix was already
ahead in introducing chips with the highest
marker content (500 k). Affymetrix has main-
tained the marker density lead, but now Illu-
mina has become equally popular.

A number of studies have examined the
relative advantages of the main genotyping
platforms focusing mainly on marker content
and global coverage of common variation at
a genome-wide level (4, 69). Coverage is ex-
pressed as the fraction of common SNPs tagged
by the SNPs on the chip based on HapMap
data. More detailed studies have examined the
variation in local coverage (53), or cost ef-
ficiency (52) also combined with imputation
(3). In these studies the Illumina chips per-
formed well and seem to be advantageous,
at least when Caucasian populations are in-
vestigated. In particular, the HumanHap300
Beadchip is the most cost-effective option for

Caucasian populations, as the genome cover-
age at 1> > 0.8, achieved when imputed SNPs
are included, reaches 81% compared to 73%
for the Affymetrix SNP array 5.0 and 87% for
the HumanHap550 (3).

Nevertheless, both platforms have had suc-
cessful results, particularly when the studies
were comparable in all other respects. For ex-
ample, in the case of type II diabetes, two stud-
ies were performed using Affymetrix chips (81,
103) and two using Illumina chips (79, 86) and
both generated highly comparable data.

Finally, other factors will influence the
choice of SNP type, depending on the require-
ment of the study and whether rare ¢SNPs or
genic SNPs are important and the ability to
cover CNV, segmental duplication, and other
areas of the unSNPable genome.

One factor to consider is the number of sam-
ples that can be processed simultaneously. Un-
til very recently the very high density arrays,
i.e., with 500,000 assays or more, were avail-
able in the form of one or even two chips per
sample. Illumina has recently introduced mul-
tisample chips thatallow the parallel processing
of two samples with 1 million assays and four
samples with 370,000, 610,000, and 660,000
assays. This development was complemented
by the introduction of a faster scanning device
and has significantly increased the throughput
per system. In parallel, Affymetrix has been in-
troducing high-throughput sample preparation
formats (96 sample format) and chip handling
automation for hybridization and scanning. As
aresult, the speed by which studies can be com-
pleted has now increased dramatically.

Examples of choices from the previously
mentioned custom-designed assays in recently
published GWA studies are iPlex (65, 75, 82,
96), SNPIex (7, 37), Centaurus (35, 44, 79),
Tagman (32), and KASPar (19). These methods
have also been applied to genotype a number
of SNPs as sample identifiers prior to apply-
ing high-throughput approaches as described
in Reference (91). Another interesting applica-
tion of large-scale custom SNP assays has been
presented by Keating et al. (41), whereby the
iSelect Infinium assays have been used to
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Table 1 Main characteristics of the most popular genotype assays applied in GWAs reviewed in terms of main molecular biology technique, relative assay,

and sample throughput capability and detection technology basis
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*The assay type and technology basis are included. A single person is able to operate all systems, and the expected sample throughput per person is indicated. Note that the figures are estimates

and relate to basic versions of the equipment system and a normal up to 8-h work day, while throughputs will vary with degrees of automation and auxiliary equipment expansions. The

complexity reduction step involves either locus-specific PCR reactions or genome fractionation by restriction enzyme digestion, whereas other technologies involve only signal amplification.

(Modified from Reference 71.)

compile 50,000 assays to achieve high-density
coverage of loci with high priority for cardio-
vascular disease. Such a chip is expected to com-
plement commercial genotyping chips in GWA
studies. For a summary of the features of cur-
rently popular methods in GWAs see Table 1.

CNV DETECTION

Recentresearch has shown that CN Vs are likely
to have functional consequences (5, 25, 89) and
should be considered in GWAs (23). Tradi-
tionally, CN'Vs are detected using array CGH
approaches (26), but since SNPs are used for
GWAgs, it makes sense to attempt to use SNP
genotyping platforms for combined SNP and
CNV analysis and thus to capture the bulk of
human genomic variation. This prompted the
development of algorithms that utilize SNP ar-
ray data and aim to detect differences at every
locus in copy number against the “expected”
diploid reference genome. The measurements
are based on the intensity of the allele-specific
probes and the intensity ratios of the two alleles.
Since both platforms (Affymetrix and Illumina)
employ high SNP assay densities with a mini-
mum average of one assay every 10 kb, if there
is a change in copy number over a certain ge-
nomic segment all probe sets within it would
be expected to behave similarly. For example,
in case of a simple deletion, loss of heterozy-
gosity and levels of intensity at the remaining
allele-specific probe would be expected to be
similar to the status of the heterozygote rather
than of the homozygote. The goal is to iden-
tify such probe behavior out of the total noise
generated by all SNP assays. Hidden Markov
models (HMMs) are particularly suitable for
this type of analysis by aiming to identify ex-
pected states (corresponding to homozygote or
heterozygote, deletion, duplication, etc.) at de-
fined genomic segments. HMMs were utilized
for both the Illumina and Affymetrix platforms
in the form of QuantiSNP (13), HMMseg (14,
16) and PennCNV (97, 98) for the Illumina
Beadchips and PLASQ (49, 50), CNIT (54) and
Birdsuite (46, 59) for Affymetrix GeneChips de-
rived data. Other methods such as Trityper (27)
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can be used to detect small deletions or null al-
leles at the single SNP assay level.

Systematic comparisons and validation of
CNV data using a combination of differ-
ent techniques are under way (43), including
1 Mi Beadchips (14) and Genechip 6.0 data
(59) and show that mid-size deletions are de-
tected by SNP platforms but duplications less
well so. In addition, the largest part of hu-
man genomic variation appears to be caused
by a finite number of common copy num-
ber polymorphisms (CNPs). This is encour-
aging for many reasons: as an ever-increasing
number of individual human genomes are be-
ing sequenced, as in the 1000 genomes project
(One thousand genomes project, http://www.
1000genomes.org/page.php), all CNPs will
be detected. As a result, existing platforms can
be enriched with probes targeting these re-
gions. Since the algorithms work, it is now pos-
sible to fill the gaps in the genome that have
been left uncovered by probes, particularly to
target at high-density, segmental duplications
and also increase further the density within
genic regions to increase the probability of de-
tecting CNVs.

FUTURE DEVELOPMENT'S

Two trends can be seen in WGA technolo-
gies: a move to higher numbers of markers
(Affymetrix) and multisample arrays (Illumina).
Increased numbers of assays will be required for
CNV detection that may thus approach the sen-
sitivity of tiled oligo arrays (discussed above),
but this works against being able to accommo-
date higher numbers of samples on the current
Affymetrix or Illumina chip formats.

In order to increase the speed and lower the
cost associated with performing WGA studies,
new formats will be required that enable the
processing of 96 or even 384 samples in paral-
lel. Affymetrix is already introducing a new 96
plate format system (GeneChip HT PM Array
Plate) containing miniaturized arrays of chips,
currently suitable for gene expression studies.
These arrays can be used in an automated
introduced

microarray processing system

by Affymetrix, the GeneTitan. It is conceivable
that such a system could be adopted for
array-based genotyping assays and will lead to
increased throughput and decreased costs by
reducing hands-on and overall processing time.

For assays applied in replication and valida-
tion studies, further cost reductions and sample
throughput increases will be needed. These can
be achieved by reducing the reaction volumes
and introducing higher-density plate, chip, or
array formats. The successful move to using
microfluidic devices for performing nanoliter-
scale PCR reactions by ABI and Third Wave
Technologies can be followed by the application
of even more sophisticated microfluidic devices
allowing multiplexed PCR products to be gen-
erated. For example, such devices are produced
by RainDance Technologies (Lexington, MA,
USA) and allow up to 1000s of individual PCR
reactions to take place in parallel from a single
sample. Primer extension reactions should also
be possible with this method. A variety of meth-
ods such as MALDI-TOF can subsequently be
applied to analyze the products.

Ultimately, dramatic cost savings will be
achieved by applying radically different tech-
nologies, similar to the breakthroughs that have
been achieved in next-generation sequencing.
One of the technologies that stands out is
nanopore technology that has the potential to
form the basis of “third generation” sequenc-
ing instruments (8). The technology could be
used for low-cost, targeted SNP genotyping,
as it may be possible to use optical detection of
fluorescent probes annealed to target sequences
at nanopores (10) or to perform “minisequenc-
ing” of amplified DNA fragments similar to the
sequencing approaches reviewed in Reference

®).

CONCLUSIONS

The current high-throughput genotyping plat-
forms, whether GeneChip or Beadchip based,
are able to perform robustly enough for
laboratories worldwide to successfully com-
plete GWA studies. The Affymetrix system
currently offers chips at considerably lower
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Copy number
polymorphisms
(CNPs): CNVs with a
frequency higher than
1% in the population
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cost per marker than Illumina (for example,
the Affymetrix 6.0 GeneChip contains 1.8 Mi
assays and costs half as much as Illumina’s
1.2 million assay chip). The one most appro-
priate to use will depend on considerations such
as whether a particular platform is already in-
stalled, the population to be studied, and the
previous experience of the investigators. The
more SNP assays are included in the future re-
sulting in very dense coverage, the more likely
that imputation will blur the differences be-
tween the two platforms. What may become the
distinguishing feature is the additional content
aimed at enabling CNP and CNV detection.
One additional issue is the ability of these
systems to allow the user to design and incorpo-
rate assays for individual SNPs of choice. These
SNPs can be population-specific or disease-
specific, as exemplified in Reference (41). In
general, a huge gap in cost (in the region of
100- to 1000-fold) per genotype still exists be-
tween the high-throughput platforms and the
custom low-throughput platforms and needs to

SUMMARY POINTS

be reduced. Over the short term, the gap could
narrow through the application of microfluidic
devices that allow reactions to take place at a
nanoliter scale, similar to the OpenArray sys-
tem. Additional overall cost savings could be
achieved through the availability of validated
assays for the largest proportion of the ~10 mil-
lion SNPs in the human genome. This will re-
duce waste and unnecessary duplication of assay
validation efforts.

Will the high-throughput genotyping plat-
forms be obsolete in the near future and re-
placed by low-cost DNA sequencing? As we
move toward ever more cost-effective sequenc-
ing technology and the $1000 genome (10), an
increasing number of studies will likely em-
ploy initially region-specific sequencing to de-
tect rare variants. Once the $1000 genome be-
comes reality, whole-genome sequencing may
be expected to replace high-throughput geno-
typing. However, once causative variants have
been detected, genotyping platforms will be in-
creasingly used in the clinic (72).

1. Current genotyping technology offers a variety of possibilities for genetic research. It

is possible to assay a sample with a wide spectrum of multiplexed assays, from tens to

millions of markers at the same time.

2. The current high-throughput genotyping platforms, whether based on the Affymetrix
GeneChip or Illumina’s Beadchip, are able to deliver genome-wide coverage and a robust

performance that allows laboratories worldwide to successfully complete GWA studies.

3. Although it is possible to detect CNVs with the current SNP arrays, it is important to
increase the marker density further to cover CNVs, CNPs, and other structural variations.

4. The low-assay throughput technologies are robust and deliver high-sample throughput

and play a key role in replication studies.

5. Methods for long-range haplotyping based on polony PCR and direct haplotype cap-
ture have been developed, and these can be used to identify recombination events and

structural variation.

6. Further technological advances are required and are possible in order to achieve lower
costs and even higher throughput. Developments in microfluidics and nanotechnologies

should facilitate these advances in the near future.

Ragoussis
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FUTURE ISSUES
1. Sample throughput in ultrahigh multiplex assays must be increased;
2. Marker content in CNP, CNV, and unSNPable segments must be increased further;

3. Costs of low- to mid-throughput assays must be compressed toward 1 pence or
cent/genotype;

4. The number of validated, off-the-shelf assays must be increased,

5. Platforms must utilize technological advances in high-throughput sequencing.
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